Background: Mismatch repair is involved in the cellular response to DNA-alkylating agents. Results: Alkylation damage causes mismatch repair-dependent apoptosis in human pluripotent stem cells (PSCs) in the first S phase after damage. Conclusion: Human PSCs utilize a unique MMR-dependent damage response to alkylation damage. Significance: Understanding how PSCs respond to DNA damage is crucial for their potential use in regenerative medicine.
can replicate indefinitely in culture and give rise to all the different somatic cell lineages. These features make PSCs attractive for their potential use in regenerative therapy and as a useful model system for drug screening, genotoxicity testing, and general mechanistic studies of development. The role of these cells in the early stages of human development likely requires a strict maintenance of genome stability to protect the developing embryo from the damaging effects of mutations. Not surprisingly, some of the initial studies examining DNA repair pathways in PSCs indicate that they are highly efficient at removing DNA damage compared with somatic cells (1) (2) (3) (4) . DNA damage caused by ␥ irradiation, ultraviolet (UV) irradiation, H 2 O 2 , or the cross-linking reagent psoralen is repaired more rapidly in human ESC lines than in primary human fibroblasts (4) .
However, in addition to damage repair, cells can respond to genotoxic stress through the induction of protective cell cycle checkpoints. As an example, impeded replication forks result in activation of an S phase checkpoint that leads to stabilization of the replication fork and coordination of DNA repair with the resumption of DNA synthesis (5) . This important damage response protects the viability of the cell while at the same time reduces the incidence of broken chromosomes that can lead to genomic rearrangements. Interestingly, PSCs have been reported to lack this S phase checkpoint in response to replication stress (6) . Rather PSCs upon encountering replication stress are much more prone to apoptosis. This same increased propensity to undergo apoptosis is also observed in PSCs treated with UV and ␥ irradiation (3, (7) (8) (9) (10) . Understanding the response of PSCs to different sources of genotoxic stress and the molecular mechanisms involved becomes crucial if these cells are to ever realize their potential for therapeutic purposes.
An important repair pathway that needs to be examined in PSCs is the DNA mismatch repair (MMR) pathway. MMR increases the fidelity of DNA replication by up to 3 orders of magnitude to maintain genome integrity through correcting DNA polymerase errors that escape proofreading (11) (12) (13) . Loss of MMR function has been proposed to create a mutator phenotype in cells that increases the risk of tumorigenesis (14) . Consistent with this hypothesis, germ line mutations in the major MMR genes are associated with the inherited cancer pre-disposition disease Lynch syndrome (15) . Defects in MMR, mostly due to epigenetic inactivation of the MMR gene MLH1, have also been associated with 10 -40% of sporadic colorectal and other cancer types (16, 17) .
In addition to repairing DNA polymerase mistakes, the MMR pathway is also required for activation of cell cycle checkpoints and apoptosis in response to certain DNA-damaging agents (18) . For example, MMR-deficient cells are up to 100-fold more resistant to the S n 1 alkylating agent N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG) than isogenic MMR-proficient cells (19 -21) . Studies in multiple cell lines have revealed a consistent observation that treatment with MNNG induces an MMR-dependent G 2 arrest in the second cell cycle after treatment (20, 22, 23) . It is not clear why it takes two cell cycles to induce the G 2 arrest. The primary cytotoxic lesion generated by MNNG is O 6 -methylguanine ( Me G), which is commonly mispaired with T during replication. The Me G-T mispair is recognized by the MMR heterodimer MSH2-MSH6, which activates the MMR response (24) . Two major models have been proposed to explain the molecular mechanism of this damage response. The "futile cycle" model suggests that the Me G-T mispair generated during the first S phase after treatment with MNNG initiates the MMR process. Successful MMR is executed, leading to excision of the mispaired T in the daughter strand. However, as the modified Me G remains in the template strand, the polymerase will regenerate a Me G-T mispair again during repair synthesis. The MMR process will be triggered repeatedly, resulting in an unreplicated gap opposite the lesion. In the next S phase, the new replication fork encounters this gap and converts it to a double strand break. It is this double strand break that initiates a DNA damage response that ultimately leads to cell cycle arrest and eventual apoptosis. The second model, the "direct signaling" model, suggests that following binding of the Me G-T mismatches by the MMR proteins a damage signal is transmitted directly to the checkpoint machinery without the need for DNA processing. Evidence supporting the direct signaling model includes findings that overexpression of MSH2 or MLH1 induces apoptosis in either MMRproficient or -deficient cells (25) and that checkpoint kinases Chk1, Chk2, ataxia telangiectasia mutated and Rad3-related (ATR), and ataxia telangiectasia mutated (ATM) co-immunoprecipitate with MSH2 in cell extracts after MNNG treatment (26 -29) .
In this study, we examined the activity of the DNA MMR pathway in human PSCs. We were particularly interested in determining whether PSCs are capable of eliciting the MMRdependent damage response to alkylation damage as observed in human cancer cell lines and other somatic cell types. Our results reveal that iPSCs and ESCs are hypersensitive to the alkylating agent MNNG, although the mechanism by which they respond to the DNA damage is different. Our results demonstrate that the MMR pathway is an important repair pathway for maintaining genome stability in human PSCs. These results also reveal the need for further studies to fully understand the mechanisms by which the MMR pathway can elicit a DNA damage response.
EXPERIMENTAL PROCEDURES
Cell Culture-Human ESCs (H1 and CT-2) were obtained from the University of Connecticut Stem Cell Core. Human YK26 iPSCs were reprogrammed from human dermal fibroblast (HDFa) cells using retroviral vectors as described (30) , and Rx13 iPSCs were reprogrammed from BJ human foreskin fibroblasts (HFFs) using a single excisable polycistronic lentiviral stem cell cassette (STEMCCA) encoding the Yamanaka factors at the University of Connecticut Stem Cell Core facility. Both ESCs and iPSCs were cultured on BD Matrigel (BD Biosciences) with irradiated mouse embryonic fibroblast-conditioned ESC medium (GlobalStem) containing DMEM/F-12, 20% knockout serum replacer (Invitrogen), non-essential amino acids (Invitrogen), 1 mM L-glutamine (Invitrogen), 0.1 mM ␤-mercaptoethanol (Sigma), and 4 ng/ml basic fibroblast growth factor (Invitrogen). HDFa cells (ATCC) and HFFs (ATCC) were cultured in DMEM containing 10% fetal bovine serum (FBS; Invitrogen) and non-essential amino acids. Hec59 cells (a kind gift from Drs. Thomas Kunkel and Alan Clark) were grown in DMEM/F-12 containing 10% FBS. HeLa cells (ATCC) were grown in DMEM containing 10% FBS.
Western Blotting-An equal number of H1, CT-2, YK26, Rx13, HDFa, HFF, HeLa, or Hec59 cells were harvested and lysed with radioimmune precipitation assay buffer supplemented with protease inhibitors. The cell lysates were separated by electrophoresis on a 6% SDS-polyacrylamide gel. Briefly, YK26 cells were incubated with lentivirus containing sh-MSH2 or sh-MLH1 for 1 h, and then fresh medium was added to continue incubation overnight. Stable expression of the shRNAs was maintained by adding 0.8 g/ml puromycin to the normal medium.
Annexin V Staining and Apoptosis Analysis-YK26 cells were treated with 2 M MNNG for 24 h, then harvested, and stained with anti-Annexin V and PI using the Annexin V apoptosis kit (Molecular Probes v13241). The cells were analyzed with an LSRII flow cytometer (BD Biosciences). The resulting data were analyzed by FlowJo analysis software.
Cell Synchronization-Synchronization in mitosis was performed by treating YK26 cells with 0.2 M nocodazole for 18 h. Cells were released in fresh medium containing 25 M O 6 -BG. At 4 h postrelease, cells were treated with 2 M MNNG for an additional 4 h. Cells were harvested at different time points as indicated and subjected to cell cycle analysis.
MMR Assay-The heteroduplex MMR substrate was prepared according to Zhou et al. (31) . The p111 and p189 plasmids were a kind gift from Dr. Lu-Zhe Sun. p189 encodes for a premature stop codon in the enhanced GFP gene. To generate single-stranded DNA circles, p111 was nicked with Nb.Bpu10I (Thermo Scientific) and further digested with ExoIII (New England Biolabs). The heteroduplex substrate was prepared by annealing the single-stranded DNA circles to linearized, denatured p189 DNA. Excess linear DNA and single-stranded DNA were removed by plasmid-safe DNase (Epicenter Biotechnologies). To assess MMR activity, PSCs were transfected with 2.5 g of the heteroduplex plasmid and 2.5 g of pDsRed2-N1 (Clontech), which encodes the red fluorescent protein, using the Amaxa Human Stem Cell Nucleofector kit 2 (Lonza VPH-5022). HeLa cells were transfected using Lipofectamine2000 (Invitrogen), and HDFa cells were transfected using GeneIn transfection reagent (GlobalStem). After incubation for 48 h, the cells were harvested and analyzed for fluorescence intensity with an LSRII flow cytometer using BD FACSDiva software. The ratio of GFP-positive cells to red fluorescent protein-positive cells was determined to account for differences in transfection efficiency.
Immunofluorescent Staining-H1 cells with or without MNNG treatment were fixed with 4% paraformaldehyde for 10 min and permeabilized with cold acetone for 2 min. After blocking in 1% BSA in PBS for 1 h at room temperature, cells were incubated with the diluted primary antibodies anticleaved caspase-3 (BD Biosciences 559565) and anti-cleaved caspase-9 (Pierce PA5-17913) for 1 h at room temperature and then incubated with diluted Alexa Fluor 488 secondary antibody (Molecular Probes) for 45 min at room temperature. Nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI), and cells were analyzed on a Nikon Eclipse inverted fluorescence microscope.
RESULTS

The MMR Proteins Are Highly Expressed in PSCs Compared
with Parental Fibroblasts-To begin characterizing the MMR pathway in iPSCs, we first examined the expression of the four major MMR proteins, MSH2, MSH6, MLH1, and PMS2. Whole cell extracts were prepared from an equal number of HDFa cells, HFFs, human ESCs (H1 and CT-2), and human iPSCs (YK26 reprogrammed from HDFa cells (30) and Rx13 reprogrammed from BJ foreskin fibroblasts). Consistent with previous reports of increased MMR gene expression in iPSCs (9), we showed that the expression of all four MMR proteins increased 5-8-fold in YK26 cells compared with the parental HDFa cells (Fig. 1A) and similarly increased in H1 and Rx13 cells compared with HFF cells (Fig. 1B) . The expression between the different iPSCs and ESCs was similar (Fig. 1, A and B) . PSCs undergo rapid cell division compared with both fibroblast lines, so we compared expression of the MMR proteins in the PSC lines with a more proliferative cell type. We found that the levels of MSH2, MSH6, and MLH1 in YK26 cells were 1.5-2-fold higher than in the MMR-proficient HeLa cervical cancer cells, whereas PMS2 levels were similar (Fig. 1C) . These results suggest that PSCs may have a robust MMR system to protect their genome. We also found that essential replication proteins such as proliferating cell nuclear antigen, polymerase ␦, and RFC4 were expressed at higher levels in PSCs compared with fibroblasts, although levels of replication protein A were similar between the cell types (Fig. 1D) .
PSCs Repair Mismatches More Efficiently than Parental Fibroblasts-Considering the increased expression of MMR proteins in PSCs, we asked whether their single base pair mismatch repair capacity is enhanced compared with the parental fibroblasts. To test repair activity, we introduced a plasmid into cells that encodes GFP containing a single G-T mispair that disrupts protein translation (31) . In vivo repair of the mismatch leads to restored GFP expression that can be quantitated using flow cytometry. As a control for transfection efficiency, cells were co-transfected with a red fluorescent protein-expressing plasmid. We found that the majority of transfected ESCs and iPSCs expressed GFP, indicating robust repair of the heteroduplex substrate (Fig. 2, A and B) . This repair efficiency was significantly enhanced over that in parental HDFa cells. The repair rate in PSCs was similar to that in MMR-competent HeLa cells (Fig. 2, A and B) . To confirm that restoration of GFP expression is MMR-dependent, we used lentiviral vectors encoding shRNAs to knock down levels of MSH2 or MLH1 in the YK26 cells (Fig. 2C) . Knockdown of MSH2 or MLH1 also resulted in loss of stability of their obligate heterodimer partners MSH6 and PMS2, respectively. Knockdown of MSH2 did not affect levels of MLH1-PMS2, nor did MLH1 knockdown alter levels of MSH2-MSH6 (Fig. 2C) . We found that the levels of repair in either MSH2 knockdown or MLH1 knockdown YK26 cells were 2-2.5-fold reduced compared with YK26 cells infected with a luciferase shRNA-expressing lentivirus (Fig. 2D) . These results reveal that PSCs have robust MMR repair function compared with differentiated cell types that is similar to that observed in highly proliferative cancer cells.
PSCs Are Hypersensitive to the Alkylating Agent MNNG-To test whether PSCs have the protective MMR-dependent response to alkylation damage, we treated ESCs and iPSCs along with HeLa cells (MMR-proficient), Hec59 endometrial cancer cells (MMR-deficient; see Fig. 1C ), and HDFa cells with 2 M MNNG for 48 h. Cells were pretreated with the methylguanine methyltransferase inhibitor O 6 -BG for 2 h to enhance the effects of the alkylation damage. The cells were examined by flow cytometry to determine whether MNNG induces a cell cycle arrest. Consistent with our previous studies (21, 23) , HeLa cells were permanently arrested at G 2 /M after MNNG treatment, whereas no cell cycle arrest was observed in the MMRdeficient Hec59 cells (Fig. 3A) . Surprisingly, although we did not see any evidence for a G 2 /M arrest in either the iPSC or ESC line, we observed large sub-G 1 peaks consistent with the cells undergoing apoptosis (Fig. 3, A and B) . The fibroblasts from which the YK26 iPSCs were derived did not show any apoptosis and only a modest G 2 /M arrest after MNNG treatment. As the HDFa cells replicate more slowly than PSCs and HeLa cells, we incubated them for an additional 72 h following treatment to ensure that the cells could finish the two cell cycles necessary to undergo a G 2 /M arrest consistent with the futile cycle model. We also tested a higher dose of MNNG. These changes led to slightly increased populations of cells in G 2 /M but still not the dramatic response observed in HeLa cells, suggesting that the MMR-dependent response to alkylation damage is not very strong in HDFa cells (Fig. 3C) . Conversely, treatment of iPSCs with a 10-fold lower concentration of MNNG for 48 h still resulted in a substantial sub-G 1 population (Fig. 3D) . These results highlight the extent to which the iPSCs reactivate the alkylation damage response during reprogramming.
The Alkylation Damage Response Is MMR-dependent-We next tested whether the response to MNNG in PSCs is MMRdependent by comparing the damage response between control and MMR knockdown iPSCs. We treated the control and MMR knockdown iPSCs with 2 M MNNG and analyzed their cell cycle profiles. The MNNG-induced apoptotic response was entirely abrogated in the MSH2 or MLH1 knockdown line, suggesting that the hypersensitive response of PSCs to alkylation damage is MMR-dependent (Fig. 4A) . To confirm that the sub-G 1 populations observed in the cell cycle profiles are apoptotic PSCs, we used an apoptotic marker, Annexin V, to detect apoptotic cells. We found that after MNNG treatment most of the control YK26 cells were dually positive for Annexin V and PI, whereas a majority of the MSH2 or MLH1 knockdown YK26 cells were negative for Annexin V and PI staining (Fig. 4B) . We also observed activation of caspase-9 and caspase-3 in MNNGtreated YK26 cells by immunofluorescence (Fig. 4C ). These results demonstrate that PSCs respond to MNNG by inducing an intrinsic apoptotic pathway that is MMR-dependent.
MNNG-induced Apoptosis Occurs in the First S Phase after Damage without Undergoing G 2 Arrest-Previous studies have
shown that MNNG induces an MMR-dependent G 2 /M arrest in the second cell cycle after treatment in multiple somatic cell types, and this permanent G 2 /M arrest eventually leads to apoptosis (20, 22, 23) . In both the ESCs and iPSCs, we observed apoptosis after MNNG treatment without any apparent G 2 /M arrest. We speculated that due to the rapid proliferation rate of PSCs it was possible the cells underwent a G 2 /M arrest prior to apoptosis that we failed to observe due to the timing of our experiment. To assess the timing of the response, we synchronized YK26 cells in mitosis with the microtubule inhibitor nocodazole. The cells were then released back into the cell cycle in normal growth medium. At 4 h postrelease when most cells were in G 1 phase, we treated them with 2 M MNNG for an additional 4 h. We returned the cells to normal medium again and harvested them at different time points for cell cycle profile analysis (Fig. 5) . We observed that our mock-treated cells were beginning to enter S phase 8 h after release from the nocodazole block, and by 16 h, they had all cycled through to G 2 /M. By 24 h postrelease, the cells were continuing through the cell cycle in an asynchronous fashion. Similarly, our MNNG-treated cells were also entering S phase at the 8-h time point; however, we observed a fraction of the cells in a sub-G 1 population. By 16 h, the treated cells remained mostly in S phase, suggesting a delay in progression through S phase compared with the untreated cells. A sub-G 1 peak was also evident at 16 h. By 24 h, the sub-G 1 peak had diminished, and the surviving cells continued through the cell cycle. To determine whether the cells incur a G 2 /M arrest after the second cell cycle following MNNG treatment, we harvested treated cells at 48 and 72 h postrelease but did not observe any cell cycle arrest. We confirmed that the observed apoptotic response to MNNG was MMR-dependent by repeating the synchronization experiments in our MMR knockdown YK26 cells. As observed in our asynchronous populations, the sub-G 1 peak following MNNG treatment is absent in the MSH2 and MLH1 knockdown iPSCs (Fig. 5) .
Unlike the 48-h MNNG treatment of PSCs that resulted in nearly 85% of the cells undergoing apoptosis (Fig. 4B) , a 4-h treatment resulted in the death of only a fraction of the cells. To test whether we had selected for a population of cells that can tolerate this treatment level, we allowed the surviving cells to recover in normal growth medium for 24 h before subjecting them to a second round of MNNG treatment for 4 h. If the initial treatment led to a selection of resistant cells, we would not expect any response to the second round of MNNG. However, we once again observed that a similar fraction of cells displayed a sub-G 1 peak indicative of apoptosis (Fig. 6 ). Taken together, these results suggest that PSCs undergo an immediate apoptotic response to MNNG in the first S phase after treatment without undergoing a G 2 /M arrest first. This result is very different from the response observed in HeLa and other somatic cell types.
DNA Damage Checkpoint Kinases Are Not Activated in iPSCs in Response to MNNG-Previous studies of the MMR damage response indicate activation of the checkpoint kinases Chk1
and Chk2 following MNNG treatment that may be responsible for the cell cycle arrest and cell death observed (23, 32, 33) . We wanted to test whether the checkpoint kinases are activated in PSCs after MNNG treatment. Asynchronous iPSCs or HeLa cells were mock-treated or treated with MNNG for 24 h and then harvested 1 day later. We found that treatment of HeLa cells with MNNG resulted in robust activation of Chk1 and Chk2 as indicated by phosphorylation of Ser-345 and Thr-68, respectively (Fig. 7A) . No activation of either Chk1 or Chk2 was observed in iPSCs after MNNG treatment (Fig. 7A) . To confirm that this response was consistent across multiple PSC lines, we performed similar experiments in Rx13 iPSCs and the two ESC lines. As in YK26 cells, MNNG treatment failed to activate Chk1 and Chk2 in this panel of PSCs (Fig. 7B) . To rule out a transient activation of Chk1 or Chk2 early in the response to damage, we repeated the synchronization experiments described previously and analyzed cell extracts at different time points. We found no significant activation of Chk1 and Chk2 at any point during the cell cycle following MNNG treatment (Fig.  7, C and D) . However, we did observe a strong induction of ␥H2AX that is indicative of double strand breaks and/or replicative stress in the first S phase coinciding with the sub-G 1 peaks (Fig. 7, C and D) . These results indicate that the typical checkpoint kinases activated during the MMR-dependent damage response in somatic cells are not involved in the PSC response to alkylation damage, again suggesting that a different damage response mechanism is utilized in these cells.
p53 Is Induced and Activated in iPSCs after MNNG Treatment-PSCs treated with the DNA-damaging agent etoposide undergo a rapid and extensive induction of apoptosis that is abrogated by knocking down p53 (34) . To test whether p53 is activated in PSCs after MNNG treatment, we examined MNNG-treated iPSC lysates for increased levels of total p53 protein and increased phospho-p53 (Ser-15) levels. We found that both p53 and phospho-p53 levels were increased in iPSCs after a 24-h MNNG treatment; however, there was no induction or activation of p53 in MSH2 knockdown YK26 cells (Fig.  7, E and F) . We observed a similar MNNG-induced activation of p53 in the other iPSC and ESC lines tested (Fig. 7B) . These results indicate that MNNG treatment causes an MMR-dependent activation of p53 in PSCs that may be responsible for the apoptosis observed.
ATM and ATR Are Involved in the MNNG-induced Phosphorylation of p53-Activation of p53 following DNA damage can result from direct phosphorylation by the phosphatidylinositol 3-kinase-related kinases ATM (35, 36) and ATR (37) . To test whether these phosphatidylinositol 3-kinase-related kinases were involved in the response to alkylation damage, we first examined MNNG-treated YK26 and H1 cells for the presence of Ser-1981 phosphorylation of ATM (38) and Ser-428 phosphorylation of ATR (39) as markers for DNA damage-dependent activation. We found that both ATM and ATR are phosphorylated following MNNG treatment of PSCs (Fig. 8A) . ATR phosphorylation was similar to that observed in HeLa cells; however, ATM phosphorylation was not as enhanced in PSCs as in HeLa cells. We next asked whether inhibiting the activity of ATM or ATR affected p53 induction and phosphorylation. We treated H1 cells with the ATMspecific inhibitor KU55933 or the ATR-specific inhibitor VE-821 along with MNNG for 24 h and found that treatment with both inhibitors led to a partial reduction in the levels of damaged-induced total and phosphorylated p53 (Fig. 8B) . When combining both inhibitors, we saw an additive effect as the levels of p53 activation were reduced even further than with either single agent alone. However, complete inhibition of p53 induction or phosphorylation was never observed, which may suggest that other kinases such as DNA-dependent protein kinase may be involved.
DISCUSSION
Our results show that PSCs, including both iPSCs and ESCs, have a robust MMR pathway to protect the stability of their genome. Expression of the four major MMR proteins is greatly enhanced compared with primary fibroblasts from which our iPSCs were derived and slightly enhanced compared with rapidly dividing HeLa cancer cells. This is consistent with the upregulation of other DNA repair factors observed in PSCs compared with more differentiated cell types. Increased expression of factors involved in homologous recombination repair such as RAD51 and BRCA1, non-homologous end joining such as Ku70, and base excision repair such as uracil-DNA glycosylase and FEN1 has been reported in PSCs (4, 9, 40) . The enhanced expression of DNA repair proteins in PSCs may underlie the increased repair efficiency observed in these cells. PSCs display accelerated repair of cyclobutane pyrimidine dimers caused by UV radiation, suggesting an enhanced nucleotide excision repair pathway (3, 4) . Repair of modified bases caused by treatment with hydrogen peroxide or dimethyl sulfate is improved in PSCs compared with somatic cell types, suggesting enhanced base excision repair (3, 4) . Double strand breaks caused by hydrogen peroxide or ␥ irradiation are repaired more efficiently in PSCs than in somatic cells (1, 3, 4, 40) . Similarly, we detected high levels of single base pair mismatch correction by the MMR pathway in iPSCs and ESCs. Thus, the enhancement of DNA repair pathways appears to be an important strategy that PSCs utilize to protect their genome.
However, increased expression of repair factors may not always promote increased DNA repair. The levels of MMR proteins expressed in PSCs were slightly higher than in HeLa cells, but the repair activity in PSCs was slightly reduced compared with the cancer cells. These results may suggest that at the high expression levels observed in both PSCs and HeLa cells the amounts of the four major MMR proteins are no longer ratelimiting in the repair process. Localization of the MMR proteins to the mismatched template or the availability of other proteins involved in repairing the mismatch may be limiting. Alternatively, as 80% or more of the transfected mismatched template is repaired in PSCs, we may be reaching the limitations of the assay to discern repair efficiency.
Another important strategy used by PSCs to prevent mutation is an increased hypersensitivity to DNA damage. Increased apoptosis has been observed in PSCs treated with a variety of DNA-damaging agents, including UV irradiation (3, 7), ␥ irradiation (8 -10, 40) , cisplatin (6) , and thymidine (6) . Our results show that PSCs undergo massive apoptosis in response to the alkylating agent MNNG. Interestingly, Fig. 4B also reveals an increased level of background apoptosis in untreated iPSCs compared with MMR knockdown iPSCs. These results may suggest sensitivity to even endogenously generated DNA damage in an MMR-dependent manner. Alternatively, the high proliferation rate of PSCs may increase mismatch formation, which, if a certain threshold is reached, may result in replication stress due to the excessive MMR activity. As PSCs are particularly sensitive to replicative stress (6) , this may lead to increased cell death. Although such a mechanism has not been described in somatic cells, yeast displaying a mutator phenotype due to mutations in polymerase ␦ have been shown to have prolonged S phase and evidence of a G 2 /M arrest consistent with replication stress signals due to increased mutation generation (41) .
Whereas somatic cell types have also been shown to be sensitive to MNNG in an MMR-dependent fashion, we show here that the commitment to cell death occurs much more quickly in PSCs. Somatic cells treated with MNNG require two rounds of S phase following treatment, resulting in a G 2 /M arrest and eventually cell death. Why two cell cycles are necessary is not entirely clear; however, the futile cycle model suggests that MMR processing of Me G-T mismatches in the first S phase results in persistent unreplicated gaps that are converted to lethal double strand breaks in the second S phase (Fig. 9) . One potential implication is that the two cell cycles provide an increased opportunity to resolve the primary Me G lesion. For example, cells suffering low levels of Me G damage may be protected against its mutagenic effects by the MMR pathway until methylguanine methyltransferase is able to remove the Me G lesion. Repair of the unreplicated region caused by MMR processing at a later time point would allow the cell to ultimately survive. Accumulating evidence suggests that somatic cells are capable of exiting S phase with incompletely replicated chromosomes and may be able to repair these regions during the subsequent cell cycle (42) . Cells undergoing replicative stress are marked in the following G 1 phase by large, 53BP1 foci that may play a role in shielding unreplicated gaps until they can be repaired during the next S phase (43, 44) . Even if the unreplicated regions go unrepaired and are converted to double strand breaks, the breaks could be a substrate for homologous recombination repair, again leading to cell survival. Consistent with this model, depletion of the homologous recombination repair protein RAD51D in mouse embryonic fibroblasts resulted in a 5-fold-increased sensitivity to MNNG compared with wildtype cells (45) . This increased sensitivity was alleviated when MLH1 was also depleted, indicative of homologous recombination repair playing a role in resolving secondary damage generated by MMR lesion processing. The immediate apoptotic response observed in PSCs suggests that these cells do not have any extra time to resolve the alkylation damage.
One possibility that will require further investigation is that PSCs, unlike somatic cells, cannot tolerate perturbed S phase progression such as might occur during futile cycles of MMR (Fig. 9 ). PSCs have already been shown to lack intra-S phase checkpoints in response to replication stress that normally function to stabilize replication forks and allow for replication restart (6) . In the current study, we observed a similar failure of PSCs to activate Chk1 in response to MNNG, thus missing a possibly important signaling pathway by which somatic cells survive MMR processing of Me G-T mismatches in the first S phase (32) . Therefore, the futile MMR cycling at Me G-T mismatches may result in replication stress through either stalled proliferating cell nuclear antigen forks or the generation of unreplicated single-stranded gaps that lead to immediate apoptosis induction. Interestingly, we did see an increase in ␥H2AX activation in the first S phase after damage that has been associated with increased replication stress (46) . Alternatively, the MMR proteins may be functioning through a direct signaling mechanism to recruit stress response proteins to the sites of damage. We have shown that MNNG results in the phosphorylation of ATM and ATR as well as the MMR-dependent stabilization and activation of p53, which, unlike in somatic cells (32) , leads to cell death during the first S phase in PSCs. The explanation for this differing outcome between cell types may come from recent data showing that ESCs have an enhanced mitochondrial readiness for apoptosis compared with more differentiated cell types (47) . Although p53 activation is similar between ESCs and differentiated cells following treatment with the radiomimetic drug neocarzinostatin, the balance of pro-and antiapoptotic proteins in ESCs is such that they are more prone to undergo apoptosis.
Our results raise interesting questions about the molecular pathways involved in the apoptotic response to MNNG in PSCs. Both ATM and ATR are involved in activating p53. Inhibiting both kinases reduced the level of p53 activation, although it did not eliminate p53 activation entirely. Whether the increased activation of p53 by multiple kinases is required to induce an apoptotic response or whether the overlap provides a fail-safe mechanism to ensure p53 activation and apoptosis upon damage is not clear. In addition, it is not clear why ATM and ATR activation is not accompanied by activation of Chk1 and Chk2. Determining whether Chk1 and Chk2 are prevented from being phosphorylated by the phosphatidylinositol 3-kinase-related kinases or whether they are phosphorylated and rapidly turned over is an important mechanistic question for determining how PSCs respond to replicative stress.
Understanding the mechanisms by which PSCs handle genotoxic stress will be extremely important if these cells are to realize their full potential as therapeutic agents in regenerative medicine. In addition, our results may provide insight into the role of the MMR pathway in preventing tumorigenesis. An important question that our studies raise is whether adult stem cells and cancer stem cells behave more like PSCs with regard to their MMR damage response or more like differentiated cells in culture. If they are similar to PSCs, the increased sensitivity to DNA damage may result in a strong selection pressure for loss of MMR function. We have previously proposed that colonic stem cells from Lynch syndrome patients, which are heterozygous for a given MMR gene, may be under selection pressure for loss of the remaining wild-type allele when exposed to DNAdamaging agents in the colonic environment, thus enhancing tumorigenesis (48) . The damage response mechanism may also have implications for tumor response to therapy. If cancer stem cells do not share the same rapid apoptotic response to damage with PSCs, it is possible that their response may be made more similar to PSCs by priming the cells for apoptosis through the use of antiapoptotic protein inhibitors (47) . More studies will be required to better understand the MMR damage response in multiple cell types; however, our results reveal the utility of using PSCs for drug response testing.
